As a method for qualitative judgment of a perfect ball, two faces of the ball are observed at the same time. A horizontal mirror is used in practical examination. Twin Arago points that appear at the center portion in the shadow are used for qualitative estimation of sphericity. The clear concentric-circular fringes, which spread in the whole space between the Arago point and the circumference of the ball, are also an effective way to judge the perfect ball qualitatively. The panchromatic light source provided by a white-light laser gives clearer images than monochromatic laser light source. The color decomposition from the white mode into the monochromatic modes enables visual recognition of the wavelength dependence of the diffraction angle.
Introduction
We have been interested in real-time, three-dimensional measurement of a ball by employing our original white-light laser. [1] [2] [3] [4] [5] [6] As an example of a quasi three-dimensional measurement, recently we tried to apply the diffraction pattern formed by a rotation of a disk, and we reached an interesting result. 7) In that experiment, the analysis of the so called Arago point 8, 9) as well as of the interference fringes were the key. The Arago point which appears at the center portion in the shadow of the round object by the diffraction, and the concentric-circular fringes which appear around the Arago point are the evidence that the object is a disk or a ball. However, the diffraction pattern can't precisely distinguish a disk or a ball, as it always gives a two-dimensional figure. Therefore, for successful judgment of a disk or a ball from the diffraction pattern, new ideas or careful experimentalanalysis of the diffraction pattern is necessary. As a method for solving this problem, we rotated a disk and thereby equivalently got three-dimensional information in the previous experiment. 7) There, a single Arago point was divided into many parts, whereas only one original Arago point is kept in the case of a ball even if it is rotated as shown in this paper. In this paper, a horizontal mirror was employed and thereby we observed two different faces of a ball at the same time. By this means, twin Arago points were observed for qualitative judgment of a perfect ball, resulting in a unique result corresponding to three-dimensional qualitative estimation of sphericity. The clear concentric-circular fringes, which spread in the whole space between the Arago point and the circumference of the ball, are also used for qualitative judgment of the perfect ball.
Experimental setup and method
The experimental set up is shown in Fig. 1 . The He-Cd + whitelight laser (Koito Manufacturing Co. Ltd., model KLP-330) is used as the light source. It emits simultaneously the three primary colors (red: 636.0 and 635.5 nm, green: 537.8 and 533.7 nm, and blue: 441.6 nm). The light intensity is adjusted by a Fig. 1 Illustration of the experimental setup. neutral density filter (ND) before entering into the spatial filter. A lens is placed after the spatial filter to produce a long focusing beam. Just after the focus point, a mirror is set horizontally and a sample is put on it. The incident beam from the point light source, that is generated at the focus point, is diffracted by the sample. At that time, both diffraction patterns at the real ball and at the image ball appear simultaneously on the screen. The diffraction pattern appeared on the screen is observed with a 3-component charge coupled device (3-CCD) video camera (SONY, TRV-900). Five perfect stainless steel balls in different diameters and one imperfect (stained) ball are employed as test samples. Figure 2 shows the diffraction pattern given by a ball of 1 mm in diameter. The Arago point and circular fringes around it are clearly observed. It should be noted that the whole space between the Arogo point and the circumference of the ball is filled by concentric-circular fringes, because in the case of a disk, only few number of concentric-circular fringes appeared around the Arago point. 7) Figure 3 shows the diffraction pattern as a function of the diameter of balls. The thickness of each fringe appeared within the shadow is thin, whereas those outside the shadow are thick. At Fig. 3 (d) and (e), d = 1.0 mm and 1.2 mm respectively, the two Arago points sufficiently separate from each other, resulting in a constricted white-track configuration. At Fig. 3 (f) , the imperfect (stained) ball, the Arago points are deformed and the fringes are distorted. Figure 4 shows some examples of color decomposition from white mode into monochromatic modes. In these three-color fringes, the distance between two Arago points doesn't change according to the color. However as seen from Fig. 4 (b) , the diameter of the fringes around the Arago point varies with the color, showing a color dependency, i.e., the shorter the wavelength, the smaller is the diameter.
Experimental results

Discussion
From a necessity to judge the sphericity of a ball in liquid as well as in solid states in the production process of the mixed oxide (MOX, e.g., UO 2 and PuO 2 ) fuel for atomic fission, we considered a unique approach. Namely, we employed a plane mirror that enables us the observation of two different faces of a ball simultaneously. For an evaluation of our method, an analysis of Arago point and fringes, the color decomposition, and a numerical checking of the measuring system are carried out in the following.
Two Arago points and fringes
It was clarified from the former experiment of a rotating disk 7) that the existence of the Arago point and the concentric fringes around the Arago point are the evidence of a perfect disk. This is because, once the disk was rotated, both figures disappeared. So, reconsidering this fact together with Fig. 2 , the unchangeable existence of the Arago point, even if the ball is rotated, is the evidence of a perfect ball. From the similar consideration in Fig. 3 , if the two Arago points as well as the fringes appearing around the Arago points are symmetric, it means that the sphericity of a ball is perfect. Comparing Fig. 3 (d) with (f) , the reasonableness on the judgment of the real ball or imperfect(stained) ball based on the Arago point is clear too. For qualitatively reliable judgment of the perfect ball, the rotation of the ball of 360˚ is desirable.
As we noted at Fig. 2 , the whole space between the Arago point and the circumference of the ball was perfectly filled by the concentric-circular fringes. On the other hand, only a few numbers of fringes were observed around the Arago point in the case of a disk. 7) So, it can be said that the fringes fully spread inside the circular diffraction pattern are the evidence of a perfect ball. At this moment, we are considering this phenomenon is due to the creeping of diffracted light on the bright ball surface. As a result, we should use both twin Arago points and fully spread concentric-circular fringes for the qualitatively reliable judgment of a perfect ball.
On the other hand, for the quantitative judgment of a perfect ball and the quantitative evaluation of the sphericity, the quantitative analysis of the construction of the Arago point is indispensable, although we have not completed this subject yet. In addition, for the numerical expression of the sphericity, the optically precise measurement of the thickness and interval of the concentric-circular fringes would be important, because the clear concentric-circular fringes, which spread in the whole space between the Arago point and the circumference of the ball, mirror the information of the creeping light on the bright surface of the back-half of a ball.
As the first stage report on this research subject, the analysis of the construction of the Arago point will be reported in a separate paper.
Color decomposition
As is clear from Fig. 4 , the distance between the two Arago points doesn't change according to the color. This fact suggests that we can employ any monochromatic laser beam as the light source in this measuring system in the same accuracy and performance. On the diffraction angle, however, there is clear color dependency. Namely, the shorter the wavelength, the sharper the diffraction angle. This is a merit of employing the whitelight laser that enables us the visual recognition of the wavelength dependence of the diffraction angle.
4.3
Numerical checking for three-dimensional measurement As mentioned at 4.1, both twin-Arago points and the fully spread concentric-circular fringes should be taken into account for the qualitatively reliable judgment of a perfect ball. Here, however, we try to check the measuring system numerically by standing on a geometrical optics as follows.
From Fig. 5 , we can know the distance l between two Arago points as follows. 
( )
Here, we define the multiplication factor k as follows,
When θ or the system coefficient r/r 0 becomes larger, the distance l between the two Arago points becomes larger. Namely, we can measure small diameter d by extending it to l. In Table  1 , k versus r/r 0 is listed. Choosing k at about 100, the diameter of a ball ranging from several tens μm to sub-mm can conveniently be measured. On the other hand, setting θ smaller, we can get more accurate results for judging the sphericity since both the front half and the rear half faces are observable. By a good combination of two values, r/r 0 and θ, accurate measurement of both diameter and its sphericity will be successful.
Conclusions
Three-dimensional shape recognition based on a classical Arago point was attempted with an aim of effective use of our original white-light laser in visual panchromatic measurement. In this paper, a horizontal mirror was employed and thereby we observed two different phases of a ball at the same time. The conclusions obtained by this research are summarized as follows.
(1) Twin Arago points were observed. The length between two Arago points is proportional to the particle diameter. (2) Choosing multiplication coefficient k at about 100, the diameter of a ball ranging from several tens μm to sub-mm can conveniently be measured. (3) Setting θ smaller, the sphericity can be judged accurately since both the front half and the rear half faces are observable simultaneously. (4) The concentric-circular fringes spread in the whole space between the Arago point and the circumference of a ball is effective for qualitative judgment of a perfect ball.
(5) From the color decomposition, it is clarified that the shorter the wavelength, the sharper the diffraction angle.
